Introduction
Mitochondria, best known as the power plants of eukaryotic cells, generate most cellular adenosine triphosphate (ATP) that is required to drive the various energy-consuming processes in biological systems. In addition, they are involved in a number of other important processes, like lipid and amino acid biosynthesis, the assembly of iron-sulfur clusters, calcium storage, signaling and programmed cell death. As a side reaction of electron transfer through the respiratory chain that drives ATP synthesis at the inner mitochondrial membrane, reactive oxygen species (ROS) are generated, 1 which have the potential to damage all kinds of biomolecules, including lipids, nucleic acids and proteins. The accumulation of such damage ultimately leads to physiological impairments and mitochondrial dysfunction. Fortunately, different pathways have evolved to cope with this hazardous situation and to maintain a functional population of mitochondria. [2] [3] [4] Important components of the mitochondrial surveillance system are pathways controlling the quality of mitochondrial proteins. These pathways rely on enzymes able to repair damaged proteins, chaperones involved in refolding of misfolded polypeptides, as well as ATP-dependent proteases that selectively degrade irreversibly damaged proteins. 2 The inner mitochondrial membrane harbors two AAA proteases, the i-AAA protease and the m-AAA protease. Both belong to the highly conserved family of AAA proteins found in all eukaryotes. 5 The two proteases expose Different molecular pathways involved in maintaining mitochondrial function are of fundamental importance to control cellular homeostasis. Mitochondrial i-AAA protease is part of such a surveillance system, and PaIAP is the putative ortholog in the fungal aging model Podospora anserina. Here, we investigate the role of PaIAP in aging and development. Deletion of the gene encoding PaIAP resulted in a specific phenotype. When incubated at 27°C, spore germination and fruiting body formation are not different from that of the corresponding wild-type strain. Unexpectedly, the lifespan of the deletion strain is strongly increased. In contrast, cultivation at an elevated temperature of 37°C leads to impairments in spore germination and fruiting body formation and to a reduced lifespan. The higher PaIAP abundance in wild-type strains of the fungus grown at elevated temperature and the phenotype of the deletion strain unmasks a temperaturerelated role of the protein. The protease appears to be part of a molecular system that has evolved to allow survival under changing temperatures, as they characteristically occur in nature.
So far, YME1 from Saccharomyces cerevisiae is the best-studied i-AAA protease. Deletion of the gene coding for this protease causes pleiotropic effects, including an increased escape of mitochondrial DNA (mtDNA), heat sensitivity on non-fermentable carbon sources, cold sensitivity on media containing glucose and altered mitochondrial morphology. 8, 9 Several endogenous substrates of YME1 have been identified, including cytochrome oxidase subunit 2 (COX2), the external mitochondrial NADH dehydrogenase NDE1 and two subunits of the prohibitin complex. [10] [11] [12] In addition, YME1 has been linked to mitochondrial phospholipid biosynthesis and plays a role in the translocation of the human polynucleotide phosphorylase (PNPase) into the intermembrane space of mitochondria. 13, 14 The characterization of strains from yeast and the filamentous ascomycete Neurospora crassa, in which the i-AAA protease genes were deleted, identified similar but also different functions of the two homologs, YME1 and IAP-1. In both fungi, deletion of the corresponding genes leads to impaired growth at high temperatures. 15 In contrast to yeast, decreased temperatures do not affect growth of the Iap-1 deletion strain. Moreover, IAP-1 can only partially substitute YME1 in S. cerevisiae, pointing to subtle differences in the function of the two i-AAA proteases. 15, 16 Very little is known about the human homolog YME1L1. Interestingly, YME1L1 is able to rescue the temperature-sensitive phenotype of Yme1-deficient yeast cells underlining the conserved functions of i-AAA proteases. 17 Furthermore, YME1L1 seems to be involved in the mitochondrial unfolded protein response, thereby allowing mitochondria to adapt to different types of stress. 18 Mitochondria are known to play a key role in aging and lifespan control (reviewed in ref. 4 and 19-22) . One of the bestcharacterized aging models with a clear mitochondrial etiology of aging is Podospora anserina. In this filamentous fungus, various mitochondrial pathways, including mtDNA reorganization, 23 mtDNA repair, 24 respiration, 25 ROS scavenging, 26, 27 copper metabolism, 28 mitochondrial dynamics 29 and apoptosis, [30] [31] [32] have been demonstrated to play a role. Recently, an impact of the protein quality control system on aging has been demonstrated. 4, 33 In this study, the overexpression of PaLon coding for a soluble mitochondrial matrix protease was found to increase lifespan without affecting vital functions.
Here, we report data of investigations analyzing the role of the membrane-bound mitochondrial i-AAA protease PaIAP of P. anserina. We show that deletion of PaIap has a temperaturedependent effect on aging and energy-consuming developmental processes. At 27°C, ΔPaIap showed a healthy wild-type-like growth phenotype and a most remarkable increase in lifespan despite the fact that a component of the protein quality control system was missing. In contrast, at higher temperatures, the ΔPaIap strain was impaired in growth and fertility and displayed a decreased lifespan. These results unravel an important role of Finally, we analyzed the effect of the PaIap deletion on aging, a process that in P. anserina has a strong mitochondrial etiology. Surprisingly, although PaIAP as a component of the mitochondrial protein quality control system was missing, the PaIap deletion strain was characterized by a lifespan that was markedly increased compared with the lifespan of the wild type (Fig. 2H) . This effect could be fully reversed by the ectopic re-introduction of ascospores (Fig. 2F) did not show any obvious deviations from those of the wild type. Next, we measured oxygen consumption of juvenile mycelia of the wild type and ΔPaIap. In contrast to yeast cells lacking YME1 that are characterized by impaired oxygen uptake, 36 no change in oxygen consumption was found in mycelia of the ΔPaIap strain in comparison to wild-type strains (Fig. 2G) . ), the WT (n = 71) and of the two revertants PaIap_rev1 (n = 59) and PaIap_rev2 (n = 40).
the proteolytic activity rather than the loss of a chaperone-like activity in the AAA-domain was responsible for the altered aging phenotype of ΔPaIap.
The ΔPaIap strain is sensitive to elevated temperature. In both, S. cerevisiae and N. crassa, loss of a functional i-AAA protease leads to a temperature-sensitive phenotype. Hence, we next investigated the effect of an increased cultivation temperature on ΔPaIap. Significantly and in contrast to the increased lifespan at 27°C, the lifespan of the PaIap deletion strain was found to be more than 20% reduced in comparison to the wild type, when the strains were grown at an elevated temperature of 37°C (Fig. 4A) . In other words, while increasing the growth temperature by 10°C resulted in a ~2.5-fold shorter lifespan for the wild type, it was reduced by ~5.5-fold in the ΔPaIap strain. At this temperature, both a decreased growth rate as well as a reduction in ascospore germination was observed in ΔPaIap ( Fig. 4B and C). Increased temperature was also found to affect female fertility of both the wild-type and the ΔPaIap strains (Fig. 4D) . Cultures of the wild type and ΔPaIap incubated at 37°C were spermatized and subsequently incubated at 27°C. After two days of growth at 27°C; both strains developed only very few fruiting bodies. However, their number on plates with the spermatized PaIap deletion strain was slightly but significantly lower than on plates with the fertilized wild type. These results uncover a beneficial role of PaIAP for development and lifespan of P. anserina at higher temperature.
Regulation of PaIap during heat stress and effect of its deletion on components of the mitochondrial protein quality control system. In order to elucidate the role of PaIAP in more detail, we investigated the protein level of PaIAP in mitochondria from heat-stressed wild-type mycelia. Mitochondrial proteins were isolated from mycelium grown under standard conditions at 27°C for three days and from mycelium incubated for two days at 27°C followed by incubation at 37°C for 24 h (Fig. 5A) . Protein gel blot analyses revealed a more than 6-fold higher abundance of of a single wild-type copy of PaIap into the genome of ΔPaIap (Fig. S3A) . Expression of the transgenes was confirmed by protein gel blot analyses (Fig. S3B) . The lifespan of two independent revertants, termed PaIap_rev1 and PaIap_rev2, was identical to that of the wild type (Fig. 2H) . In addition, the growth rate ( Fig. S3C ) and the morphology returned to wild type in the PaIap_rev strains (data not shown).
In order to validate these findings and to specifically investigate whether or not the absence of the proteolytic activity and thus the impairment in degradation of specific substrates was critical for the observed phenotype of the deletion strain, we next set out to generate strains in which the active site of PaIAP was inactivated. The proteolytic center of i-AAA proteases is known to contain a consensus metal-binding motif HEXXH 6 that is located in an α-helix within the homo-oligomeric complex (Fig. S4) . From yeast, it is further known that replacement of glutamate 541 with glutamine ablates the proteolytic activity of YME1. 7 Changing this amino acid is not expected to affect the overall structure of the protein (Fig. S4) . The phenotype of yeast strains carrying this inactivated form of Yme1 resembles the phenotype of YME1 deletion strains. 37 We thus changed the base triplet coding for glutamate at position 540 in the presumed consensus metal-binding motif of PaIAP (HEAGH) to glutamine by in vitro mutagenesis and selected two transformants (E540Q). In addition, one strain was selected in which the introduced glutamine was followed by an additional glycine (E540QG). The corresponding genes were introduced into the PaIap deletion strain, and the transformants were verified by Southern and protein gel blot analyses (Fig. S5A-D) . The morphology and growth rates of PaIap_E540QG and PaIap_E540Q were indistinguishable from the wild type ( Fig. S5E and F) . However, the lifespans of the PaIap_E540QG (Fig. 3A) and the PaIap_E540Q (Fig. 3B) transformants were increased and resembled the lifespan of the PaIap deletion strain. This suggested that the absence of ), of PaIap_E540Q2 (E540Q2; n = 27; p = 7.4E -10 ), the WT (n = 24) and of ΔPaIap (n = 24; p = 2.1E -9 ).
of complex III (III 2 ) could not be separated by BN-PAGE, but the intensity of the band containing these two complexes was also slightly decreased. Compensating these changes, the abundance of supercomplex I 1 III 2 IV 2 (S 2 ) was markedly increased in the mutants, and the amount of supercomplex I 1 III 2 IV 1 (S 1 ) also tended to be elevated. This suggested that the slight decrease in the V M + III 2 band, in fact, most likely reflected a much stronger decrease of III 2 along with an increase in V M compensating the decrease in V D . Taken together, the total abundance of the OXPHOS complexes seemed essentially unchanged, but a shift toward the formation of stable respiratory supercomplexes and a destabilization of complex V dimers was evident. Strikingly, a similar shift was observed upon incubation at 37°C in the wild type as well, along with an overall reduction in the total amounts of the respiratory complexes that was somewhat more pronounced in the ΔPaIap strain. Interestingly, and in contrast to normal temperature, at 37°C the pattern of OXPHOS complexes was rather similar for the wild type and ΔPaIap strain, suggesting a function of supercomplex formation as part of the cellular stress response. Supporting the notion that the organization but not the total amount of the OXPHOS complexes was altered in the PaIap PaIAP in strains subjected to heat stress, suggesting a role of PaIAP in the heat shock response.
Since PaIap is part of the mitochondrial protein quality control system, we next investigated whether other components of this system were affected in the mutant. Specifically, we analyzed the abundance of mitochondrial PaHSP60 and the proteases PaLON and PaCLPP, for which we previously had generated specific antibodies. PaLON and PaCLPP are soluble proteases, and PaHSP60 is a putative chaperone in the mitochondrial matrix. Protein gel blot analyses of mitochondria isolated from mycelium incubated at 27°C revealed a slight but insignificant decrease in PaCLPP and PaHSP60 in the ΔPaIap strain when compared with the wild type (Fig. 5B) , and the amount of PaLON was unchanged. Remarkably however, upon incubation at 37°C, mitochondria from the PaIap deletion strain exhibited significantly lower amounts of PaCLPP and PaHSP60 than mitochondria from wild-type cultures (Fig. 5C ). Whether these changes reflected a compensatory response to the PaIap deletion remains unclear but seems possible. A role of the i-AAA protease in mitochondria-to-nucleus signaling has also been postulated in yeast.
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Deletion of PaIap affects the composition of the mitochondrial respiratory chain complexes. The mitochondrial i-AAA and m-AAA proteases are known to affect the assembly of mitochondrial protein complexes and the degradation of membranebound proteins. 39 In yeast and the plant Arabidopsis thaliana, mutants lacking the i-AAA protease show a decreased abundance and activity of respiratory chain complexes.
10,40 Consequently, we analyzed the oxidative phosphorylation (OXPHOS) complexes of the P. anserina wild-type and the PaIap deletion strains (Fig.  6A) . Mitochondrial proteins isolated from 14-day-old mycelium of both strains incubated at 27°C or 37°C were solubilized with the mild detergent digitonin and separated by BN-PAGE. Coomassie blue staining of the native complexes revealed the typical composition of the respiratory chain complexes of P. anserina. 41 However at 27°C in mitochondria of the PaIap deletion strain, significant changes in the abundances of the individual complexes were observed (Fig. 6A) . In the mutant strain, the amounts of the monomers of complex I and complex IV and the dimer of complex V (V D ) were found to be clearly lower than in the wild type. The monomer of complex V (V M ) and the dimer ROS generation via the overexpression of a gene coding for a mitochondrial methyltransferase (PaMTH1) lowers the timedependent accumulation of damaged mitochondrial proteins and results in increased stress resistance and healthspan of transgenic strains of P. anserina. 43 Consistently, the deletion of PaMth1 was found to lead to accelerated aging. 44 Recently, similar effects were obtained when the abundance of components of the mitochondrial protein quality control system were changed by different specific genetic manipulations of P. anserina. In one study, accelerated aging was observed in strains overexpressing a mitochondrial superoxide dismutase gene. This unexpected result could be linked to a reduced abundance of mitochondrial peroxiredoxin (PaPRX), mitochondrial PaHSP60 and PaCLPP. 26 In another study, the constitutive overexpression of the gene coding for the mitochondrial matrix protease PaLON was found to lower mitochondrial protein damage, to improve mitochondrial function and to increase healthspan. 33 Unexpectedly and counterintuitively to the results of these and other earlier investigations, deletion of PaIap or ablating the proteolytic activity of the corresponding protein led to an increased lifespan under standard growth conditions. At first glance, these results are contradictory to those reported for the S. cerevisiae Yme1 deletion strain that, as compared with the wild type, shows a decreased chronological lifespan. 45 However, at this point it needs to be emphasized that the aging process studied in deletion strain at 27°C, the total in-gel enzyme activities of neither complex I nor of complex IV were found to be changed as compared with the wild type ( Fig. 6B and C) ; i.e., the optical densities of all bands containing mitochondrial complex I (I, S 0 , S 1 and S 2 ) and complex IV (IV, S 1 and S 2 ) were similar in mitochondrial extracts from the wild type and ΔPaIap. Moreover, the NADH:HAR and dNADH:DBQ oxidoreductase activities of complex I in mitochondrial membranes of the PaIap deletion strain were unchanged (data not shown). At 37°C, the total in-gel activity of complex IV was slightly reduced in mitochondria of both the wild type and the PaIap deletion strain, with a stronger effect on the deletion strain, while the total in-gel activity of complex I was not significantly affected at all.
Discussion
Mitochondria, the organelles of eukaryotic cells involved in a variety of fundamental processes, are the major source of cellular ROS and, at the same time, the target of these aggressive compounds. Accumulation of mitochondrial damage contributes to cellular degeneration leading to disease and aging. 21, 22, 42 In the past, it has been repeatedly demonstrated that strengthening of ROS scavenging systems or different surveillance pathways can keep biological systems functional and healthy for increased periods of time. For instance, intervening into mitochondrial protease is associated with growth impairments. 15, 47 At 37°C, Yme1 deletion strains of yeast are unable to grow on non-fermentable carbon sources but do so at 14°C. On rich medium containing P. anserina is not comparable to chronological aging in yeast, which is a model of aging of post-mitotic cells. Aging processes in P. anserina are dependent on hyphal tip growth and on nuclear divisions and, as such, resemble replicative aging of yeast. It thus will be interesting to see, whether or not replicative aging is affected in the Yme1 deletion strain.
Remarkably, the surprising beneficial effect on lifespan of the PaIap deletion is only observed at lower temperature. Increasing the incubation temperature from 27°C to 37°C disclosed protective functions of PaIAP as they are expected for a component of the protein quality control system. Both, developmental processes, like spore germination and fruiting body formation, and aging are impaired in the PaIap deletion strain. While such a temperature-dependent effect of an i-AAA protease has not been reported in any other system so far, alterations in leaf rosette development and morphology under long-and short-day conditions, respectively, have been demonstrated in strains lacking the PaIAP homolog AtFtsH4 in A. thaliana and have been linked to structural changes in mitochondria and chloroplasts. 46 In yeast and in N. crassa, a temperature-dependent function of the i-AAA and PaCLPP abundance most certainly contribute to the observed impairments of the PaIap deletion strain grown at 37°C.
Overall, our study identified a novel and remarkable role of a component of the mitochondrial protein quality control system on aging and development. The surprising effect on the phenotype of the PaIap deletion mutant, with an increased lifespan at 27°C and a shortened lifespan at an incubation temperature of 37°C, identified a differential function of a single protein in aging. This protease, as well as other yet-to-be-analyzed proteins, appears to be adapted to the changing conditions in nature with regularly changing temperatures. Our analysis also demonstrates that the investigations under well-selected laboratory conditions are prone to miss important parameters, pathways and mechanisms that are relevant for complex processes like aging and development, as they have evolved over the long time of evolution of any given species. It will be interesting to see whether temperature-associated effects also play a role in higher biological systems, including humans. Although humans are homeothermic, body temperature does increase at least under certain conditions, like in the skin during sun exposure or during febrile diseases. 49 At least for human cell cultures, it has been demonstrated that a mild heat stress (≥ 38.5°C) is already sufficient to activate heat shock factor HSF-1, which leads to the upregulation of target genes like Hsp72 coding for a chaperone that is translocated into the nucleus upon heat stress.
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Materials and Methods
Strains and culture conditions. In this study, the wild-type "s" 52 strain of P. anserina was used. The deletion strain ΔPaIap was generated in the genetic background of this wild-type strain. The PaIap wild-type gene and its modified versions were reintroduced into ΔPaIap. All strains were grown on M2 medium as described in reference 53. Cultures of defined age were obtained as described in reference 30. Mitochondria were isolated from mycelium of 11-day-old wild type and ΔPaIap grown on M2 agar plates for three days at 27°C. Heat-stressed mycelium was incubated at 27°C for only two days following a 24 h exposure to 37°C.
Growth rate and lifespan determination. Lifespan and growth rate on M2 medium were determined as described in reference 43. To determine the lifespan at 37°C, the monokaryotic isolates were placed on race tubes with M2 and incubated at 27°C for two days. Subsequently, the strains were transferred to 37°C and incubated until senescence. The time period of linear growth was used to measure the growth rate in centimeters per day.
Spore germination and growth of the cultures was determined for dikaryotic isolates. Dikaryotic spores of the wild type and ΔPaIap were incubated on agar plates containing corn meal extract (BMM) complete medium at 27°C or 37°C in the dark. 54 After three days, germination was determined macroscopically.
Fertility analysis. To assess female fertility, freshly isolated monokaryotic isolates of the wild type or ΔPaIap of both mating types were allowed to overgrow the surface of M2 agar plates at 27°C under constant light. To determine the ability to form glucose or galactose, the mutant shows decreased growth rates at 14°C. Similarly, disruption of Iap-1 in N. crassa results in a decreased growth rate on non-fermentable carbon sources.
Currently, the mechanistic basis of the observed temperaturedependent functions of i-AAA proteases in biological systems is only poorly understood. In yeast, it is known that YME1 is involved in the degradation of membrane-bound proteins like COX2, PHB1 and PHB2. 10, 12 Interestingly, the N. crassa homolog, IAP-1, is unable to degrade COX2 and PHB1 when expressed in the yeast Yme1 deletion strain, pointing to subtle differences in the substrate specificities of i-AAA proteases from different organisms. 16 In P. anserina, initial experiments using antibodies against the yeast proteins COX2, PHB1 and PHB2 failed to identify these proteins as substrates of PaIAP (data not shown).
In addition to the degradation of membrane-bound proteins, YME1 was also found to be active in the degradation of proteins in the intermembrane space. Defects in YME1 activity were reported to lead to an accumulation of phosphatidylethanolamine and were linked to impaired degradation of PDS1, UPS1 and UPS2, proteins active in mitochondrial phospholipid metabolism. 14, 48 Although not explicitly demonstrated yet, an impact of this metabolism and the composition of the membranes on the assembly and/or stability of membrane-embedded protein complexes may be of general relevance and, at least in part, may be controlled by i-AAA proteases. The observed decreased activity of respiratory complexes IV and V in an A. thaliana AtFtsH4 deletion mutants may be an example for such a scenario. 40 Also, the various changes in respiratory complex and supercomplex organization we observed in the PaIap deletion strain of P. anserina support such an indirect effect of PaIAP function. However, at this time, we cannot exclude more direct effects of i-AAA proteases on the observed changes in protein complex composition. The shift toward the formation of supercomplexes observed in the PaIap deletion strain seems to be part of a stress response, as the wild type showed a similar shift when incubated at 37°C. This suggests that the loss of PaIAP causes a mild stress in P. anserina and results in a longevity-promoting hormetic effect at 27°C. For the PaIap deletion strain, the drawback of this reorganization of the OXPHOS complexes is that, while the wild type is still able to react to a new stress situation (37°C), the strains lacking PaIAP cannot induce their stress response any further. Thus, physiological functions of the PaIap deletion strain are more affected at 37°C.
In this study, we demonstrated an essential role of the proteolytic activity for wild type-specific development and aging. Although we found a decrease in abundance of PaHSP60 and PaCLPP in mitochondria of the PaIap deletion strain grown at elevated temperature, it is rather unlikely that these two proteins are direct interaction partners of PaIAP. Instead, PaIAP may affect the abundance of these proteins by other processes, like the translocation of proteins across the outer mitochondrial membrane or via the generation of peptides acting in mitochondriato-nucleus signaling leading to a readjustment of mitochondrial gene expression. Such functions have been attributed to YME1 in yeast. 13, 38 Whatever the pathways are, the changes in PaHSP60
DNA gel blot analysis. Isolation of total DNA, DNA digestion, gel electrophoresis and DNA gel blotting were performed as described in reference 30.
Isolation of mitochondria from P. anserina. Mitochondria of P. anserina cultures were isolated by differential centrifugation and purified using a 20-50% discontinuous sucrose gradient as previously described except for a final centrifugation at 100,000 g for 15 min.
43
SDS-PAGE and protein gel blot analyses. SDS-PAGE and protein gel blot analyses were performed as described in reference 26. 30 μg or 100 μg of mitochondrial protein were analyzed. The antibody Anti-PaIAP (1:5,000 dilution) against a PaIAP-specific synthetic peptide was newly generated ([H]-KAENQKARFSDVHGC-[OH]; Sigma-Genosys).
BN-PAGE. BN-PAGE was performed as previously described in reference 56. 100 μg of mitochondrial protein was solubilized using a digitonin/protein ratio of 3 g/g. BN-PAGE and in-gel enzyme activity were performed as described in reference 33. In-gel quantification of complex I and IV was performed densitometrically. The optical densities of all bands presenting complex I activity (I, S 0 , S 1 , S 2 ) and complex IV activity (IV, S 1 , S 2 ) were evaluated. The values of the relative activity were calculated as a percentage of the mean volume determined for the wild type at 27°C.
Oxygen consumption. Respiration rates of P. anserina wildtype and ΔPaIap strains were determined using a Clark-type electrode (Rank Bros.) as previously described in reference 57.
Complex I oxidoreductase activity. NADH:HAR and dNADH:DBQ oxidoreductase activities of mitochondrial membranes isolated from P. anserina wild-type and ΔPaIap strains were analyzed spectrophotometrically using a SpectraMax Plus 384 microplate reader (Molecular Devices) at 27°C as detailed previously in reference 58.
Alignments and protein modeling. ClustalW was used for the alignment of the amino acid sequences (www.ch.embnet. org/software/ClustalW.html). To generate structural models of proteins, the alignments were processed by Swiss-Model (www. swissmodel.expasy.org). UCSF Chimera was used to visualize the molecular graphics (version 1.5.3, www.cgl.ucsf.edu/chimera).
Statistical analyses. For statistical analyses of protein gel blot and BN-PAGE data, the Students t-test (two-tailed) was used. For statistical analyses of growth rates, female fertility, germination of ascospores, oxygen consumption and lifespan, the Wilcoxon test (two-tailed) was used. p < 0.05 was considered statistically significant. The standard deviation is shown in all graphs.
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